In a C-Mn steel without Nb, the mechanism of hot ductility loss and recovery has been understood. The specimens were solution treated at 1673 K (1400°C), subsequently cooled to 1273 K (1000°C) at a rate of 1 or 20 K/s and finally held at the temperature. At a rate of 1 K/s, the segregation concentration of sulfur at prior austenite grain boundaries decreases gradually with holding time. At the rate of 20 K/s, the segregation concentration of sulfur shows a convex profile in a time versus segregation concentration plot. Such segregation behaviors of sulfur are deeply related to the MnS reaction during cooling to 1273 K (1000°C) or holding at the temperature. The high-temperature intergranular fracture observed in this steel is due to the sulfur segregated at the grain boundaries. The recovery of hot ductility results from the combination between the decrease in sulfur segregation concentration governed by the MnS reaction and the overall decohesion at the interface of the MnS particles which act as a strong sink of the free sulfur tending to segregate to the grain boundaries. It is known that Nb is the most detrimental to the hot ductility among the alloying elements Ti, Nb, Al, V, and B. [1] [2] [3] [4] [5] [6] [7] The mechanism of hot ductility loss is explained by the microvoid coalescence mechanism [2] [3] [4] [5] [6] [7] and the grain boundary sliding mechanism. [2] Meanwhile, it has been reported that sulfur segregated to austenite grain boundaries accelerates the high-temperature embrittlement. [8, 9] However, the mechanism is not still clear, regardless of much research on C-Mn-Nb low-alloy steels. In this study, the mechanism of hot ductility loss and recovery is investigated in the light of MnS precipitation and its effect on sulfur segregation kinetics, using a simple C-Mn steel without Nb.
The chemical composition of the prepared steel is listed in Table I . The ingot of 30 kg was hot rolled to plates of 12 mm thickness after soaking at 1423 K (1150°C) for 2 hours. Cylindrical tensile specimens with a dimension of 8 mm gage length and 7 mm gage diameter were machined from the hot-rolled plates in the direction normal to the hot-rolling direction. Specimens were induction heated to 1673 K (1400°C), using a thermomechanical simulator. The uniform temperature zone was 30 mm. Based on the result of ThermoCalc (TCFE7) shown in Figure 1 , this temperature corresponds to the complete dissolution temperature of MnS particles formed during soaking at 1423 K (1150°C) into the austenite matrix. After solution treatment at 1673 K (1400°C) for 5 minutes, the specimens were cooled at a rate of 1 K/s or 20 K/s to 1273 K (1000°C) before tensile testing at a strain rate of 1/s. Changes in hot ductility with holding time at the test temperatures were also investigated. During the experiments, an argon atmosphere was employed to minimize the high-temperature oxidation. A schematic diagram that explains the experimental procedure is shown in Figure 2 . After the tensile tests and the subsequent water quenching, the specimens showed a martensitic structure. The segregation behavior of sulfur to the prior austenite grain boundary (AGB) segregation was investigated, using Auger electron spectroscopy (AES). Notched AES specimens with dimensions of 3 mm diameter and 16 mm length, which were machined from the tensile-tested specimens, were chilled with liquid nitrogen and in situ fractured in a vacuum of about 7 9 10 À8 Pa or better. Typical parameters used were the primary electron beam energy of 3 keV and an electron beam size of about 200 nm. Peak-to-peak height ratios, I S /I Fe , were obtained from each differential AES spectra and then averaged. The AES peaks used were S 150 and Fe 703 .
Representative Auger spectra and changes in reduction of area (RA) and grain boundary segregation concentration of sulfur with holding time at 1273 K (1000°C) after cooling at 1 K/s are shown in Figure 3 . Based on Figure 1 , the MnS reaction has considerably proceeded during cooling from 1673 K to 1273 K (1400°C to 1000°C). The segregation concentration of sulfur at the prior AGB is the highest at the holding time of 0 minute. The intergranular fracture mode of the corresponding tensile specimen is shown in Figure 4 . The segregation concentration decreases gradually with increasing holding time, while the RA increases. It is well known that sulfur is a strong grain boundary embrittler of austenitic alloys. [8] [9] [10] As a result, the intergranular fracture is mainly due to the decrease in decohesion strength of the AGB resulting from the segregation of sulfur. In the equilibrium segregation behavior of a solute where temperature is fixed and any precipitation reaction related to the solute does not occur, the segregation concentration of the solute increases gradually to the equilibrium segregation concentration during holding at the temperature. [11] There are several exceptions [12] [13] [14] considerably different from the equilibrium segregation behavior. age-hardening steels show convex profiles in time versus segregation concentration plots, [12, 13] which are directly governed by the precipitation reaction of h-NiMn or g-Ni 3 Ti. In 3 pct silicon steels containing 0.1 pct Mn, the convex segregation profile of sulfur during final annealing at 1473 K (1200°C) in a time versus segregation concentration plot is directly related to the formation reaction of the MnS particles. [14] During final annealing at the temperature, the segregation concentration of sulfur increases gradually with increasing annealing time. As the MnS particles grow actively at the expense of the sulfur dissolved in the matrix, the segregation concentration of sulfur shows a maximum at a critical annealing time, after which it decreases abruptly with increasing annealing time. Additionally, the interface around the particles acts as a strong sink for the segregated sulfur. This is due to the interfacial energy at the interface of the precipitates higher than that of the grain boundaries. [15] Therefore, the decrease in segregation concentration of sulfur with holding time after the maximum concentration, which results in the gradual increase in RA, may directly be attributed to the MnS reaction decreasing the segregation concentration of sulfur. Figure 5 shows representative Auger spectra and changes in RA and grain boundary segregation concentration of sulfur with holding time at 1273 K (1000°C) after cooling at 20 K/s. The initial segregation concentration of sulfur is much lower than that shown in Figure 3 . The segregation concentration increases with increasing holding time to a maximum, after which it decreases abruptly with further increasing holding time. The MnS reaction causes both the gradual decrease in segregation concentration of sulfur as shown in Figure 3 and the abrupt decrease after the maximum shown in Figure 4 . [14] The RA decreases slightly at the initial stage with increasing segregation concentration of sulfur. Unlike the change in RA with segregation concentration of sulfur shown in Figure 3 , it is noticeable that the RA as shown in Figure 4 increases abruptly with increasing holding time, in spite of the steep increase of segregated sulfur. It is very noticeable that a prominent difference in RA for the holding times of 0 and 4 minutes results, although the segregation concentration of sulfur is similar. Figure 6 shows changes in fracture mode with holding time at 1273 K (1000°C) after cooling at 20 K/s and energy-dispersive spectroscopy (EDS) result obtained from particles observed on ductile dimples fracture surface of the AES specimen of (b). The fracture mode was changed from typical intergranular to intergranular + ductile with increasing holding time and finally to ductile dimple with further increasing holding time. The particles in the dimples were confirmed to be MnS particles from the EDS results.
Schematic diagrams for explaining the difference in MnS reaction with cooling rate and subsequent holding time are shown in Figure 7 . During slow cooling (1 K/s), the formation and growth reactions of the MnS particles can occur in the temperature range higher than 1273 K (1000°C), resulting in the coarse MnS particles. As a result, the subsequent formation reaction of the MnS particles is not active during holding at the temperature, as shown in Figure 7(b) . Meanwhile, because the MnS reaction is not active during fast cooling (20 K/s), the fine MnS precipitates can be uniformly formed in the matrix and at the AGB during holding at 1273 K (1000°C), as shown in Figure 7 (c). Considering the interface between the MnS particles and the surrounding matrix which acts as a scavenger of free sulfur, [14] the role of the interface is more active in the case of the fast cooling. Such segregation behaviors at the prior AGB explain the difference shown in Figures 3(b) and 5(b), which depends on the cooling rate. Additionally, although the MnS reaction has occurred during the slow cooling and the concentration of sulfur dissolved in the matrix has decreased considerably, the high initial segregation concentration of sulfur can be attributed to the high segregation free energy of sulfur. [8, 9] Meanwhile, the loss and recovery of hot ductility need to be considered from the other viewpoint. The dependence of yield and intergranular fracture strengths on temperature in face-centered-cubic (fcc) metals is schematically shown in Figure 8 . [15] Here, the equicohesive temperature is a temperature where the yield strength is equal to the intergranular fracture strength. Above the equicohesive temperature, only the intergranular fracture occurs due to the intergranular fracture strength lower than the yield strength. Below the equicohesive temperature, depending on whether the final fracture strength exceeds the intergranular fracture strength or not, the fracture mode becomes intergranular or ductile. The decrease in intergranular fracture strength arising from the segregation of impurities to the grain boundaries, the increase in yield strength, and their combination raise the susceptibility to high-temperature intergranular cracking. This is because they all decrease the equicohesive temperature, as shown in Figures 8(b) , (c) and (d). Because the fcc metals show generally one equicohesive temperature in the temperature range, the intergranular cracking occurs only around T e shown in Figures 8(a), (b) and (c). However, when the grain boundaries are severely embrittled and concurrently the yield strength is highly increased, the intergranular 50 µm cracking can occur below T¢ e of the low temperature range of Figure 8 (d) as well as above T e of the elevated temperature range.
On the other hand, in order to understand the anomalous behavior in hot ductility shown in Figure 5 which is not largely influenced by the segregation concentration of sulfur, not only the cracking at the AGB but also the decohesion at the interface of the MnS particles within the matrix should be considered. Of course, in the time period in which the MnS reaction is not active, the intergranular fracture at the AGB is governed by the sulfur segregated at the AGB, as shown in Figure 9 (a). As mentioned above, because the interface of the MnS particles acts as a sink for segregated sulfur, the segregation concentration of a solute is much higher at the interface. [14] As a result, the segregation concentration of sulfur is higher at the interface of the MnS particles than at the AGB during the active MnS reaction. This results in the cohesion strength at the interface of the MnS particles becoming much weaker than that at the AGB. When the external stress is applied to the specimen, the decohesion occurs first not at the AGB but at the interface of the MnS particles. As the external stress is increased, the plastic deformation is mainly focused around the detached interface, due to the stress concentration effect. Compared with the overall intergranular cracking shown in Figures 4, 6 (a) and 9(a), the fracture surface shown in Figures 6(b) and 9(b) shows overall a ductile mode, which results in the increase in RA, although some intergranular fracture area is observed. 
